Tuning interactions in the spin-ice materials
  Dy$_2$Ge$_{2-x}$Si$_x$O$_7$ by silicon substitution by Stöter, T. et al.
Tuning the interactions in the spin-ice materials Dy2Ge2-xSixO7 by silicon substitution
T. Sto¨ter,1, 2 M. Antlauf,3 L. Opherden,1, 2 T. Gottschall,2 J. Hornung,1, 2 J. Gronemann,1, 2 T.
Herrmannsdo¨rfer,2 S. Granovsky,1, 4 M. Schwarz,3 M. Doerr,1 H.-H. Klauss,1 E. Kroke,3 and J. Wosnitza1, 2
1Institut fu¨r Festko¨rper- und Materialphysik, TU Dresden, 01062 Dresden, Germany
2Dresden High Magnetic Field Laboratory (HLD-EMFL),
Helmholtz-Zentrum Dresden-Rossendorf, 01328 Dresden, Germany
3Institut fu¨r Anorganische Chemie, TU Bergakademie Freiberg, 09596 Freiberg, Germany
4Faculty of Physics, M. V. Lomonossov Moscow State University, 119991 Moscow, Russia
(Dated: August 9, 2019)
We report that the lattice constant of Dy2Ge2-xSixO7 (x = 0, 0.02, 0.08, 0.125) can be systemat-
ically reduced by substituting the non-magnetic germanium ion in the cubic pyrochlore oxide with
silicon. A multi-anvil high-pressure synthesis was performed up to 16 GPa and 1100 ◦C to obtain
polycrystalline samples in a solid-state reaction. Measurements of magnetization, ac susceptibility,
and heat capacity reveal the typical signatures of a spin-ice phase. From the temperature shift of the
peaks, observed in the temperature-dependent heat capacity, we deduce an increase of the strength
of the exchange interaction. In conclusion, the reduced lattice constant leads to a changed ratio
of the competing exchange and dipolar interaction. This puts the new spin-ice compounds closer
towards the phase boundary of short-range spin-ice arrangement and antiferromagnetic long-range
order consistent with an observed reduction of the energy scale of monopole excitations.
PACS numbers: 75.40.Cx, 75.40.Gb, 81.10.-h
FIG. 1. Structure of Dy2Ge2-xSixO7: the A site is occupied
by Dy3+ (shown as blue spheres) and the B site is partially
occupied by Si4+ and Ge4+ shown as red spheres with a yellow
segment; the oxygen atoms are omitted.
I. INTRODUCTION
Magnetically frustrated materials have attracted
considerable interest because of their rich magnetic
phases hosting exotic states of matter and emergent
excitations1,2. Frustration in a magnetic material can
lead to a ground-state manifold without long-range
order1. This can occur in various possible ways, such
as via antiferromagnetic (AFM) nearest-neighbor cou-
pling of Ising spins on a triangular lattice or a period-
ical variation of magnetic interactions between nearest
neighbors3,4.
In the case of pyrochlore oxides A2B2O7 with a triva-
lent ion A3+ and a tetravalent ion B4+ (Fig. 1), frus-
tration can arise due to the strong crystal electric field
acting on the ions on the pyrochlore lattice of corner-
sharing tetrahedra. For pyrochlores with a rare-earth ion
on the A site many different exotic states have been ob-
served, such as classical or quantum spin-ice states with
magnetic-monopole excitation2,5–9. Specifically, for the
pyrochlores with Dy and Ho on the A site, the rare-earth
ion is subject to a strong crystal-electric-field splitting
of the ground state and the first excited state of the
single ion by an energy of the order of 200 K10. The
single-ion ground state is an effective spin-half state11
pointing either in or out of the tetrahedra the ion be-
longs to. The two-ion interaction is well described by
the dipolar spin-ice model which includes dipolar Dnn
and exchange interaction Jnn to form an effective inter-
action Jeff = Dnn + Jnn between nearest neighbors
12.
Following this simple spin-ice model12 for Ho2Ti2O7 and
Dy2Ti2O7, the competing interactions result in an effec-
tive ferromagnetic nearest-neighbor interaction Jeff > 0,
and a positioning of these compounds on the right-hand
side of the phase diagram of this model Fig. 2 – in
contrast, neodymium-based pyrochlores (e.g. Nd2Zr2O7)
adopt an AFM long-range ordered phase situated on the
left-hand side of Fig. 213–16 because of a different relation
of exchange to dipolar interaction. An effective interac-
tion Jeff > 0 favors the highly degenerate spin-ice config-
uration: two spins point into and two spins point out of
each tetrahedron (“2-in-2-out”)17. The excitations of this
arrangement can be interpreted as the creation of mag-
netic monopole-antimonopole pairs18. In several investi-
gations of Dy2Ti2O7 and Ho2Ti2O7 via ac-susceptibility
measurements19–28 thermally-activated spin dynamics
have been found that are attributed to the thermal exci-
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2FIG. 2. Phase diagram of the dipolar spin-ice model12 includ-
ing the positions of several spin-ice compounds and the phase
boundaries of the antiferromagnetic (AFM) and the spin-ice
phase. Data from literature38 are shown as open circles, filled
symbols stand for the samples from this work. Jnn and Dnn
denote the exchange and dipolar interaction between nearest
neighbors, respectively. Tpeak denotes the temperature of the
peak in the heat capacity associated with the spin-ice phase
(adapted from Zhou et al. 38).
tation of monopoles29. The magnetization and specific-
heat measurements of the spin-ices show characteris-
tic behavior like a liquid-gas transition at sub-kelvin
temperatures in field-dependent measurements30–32 or a
Schottky-like anomaly in temperature-dependent mea-
surements at zero field33–35, respectively. A strong ex-
perimental evidence for the dipolar spin-ice character is
the residual Pauling entropy of S = 1/2 ln (3/2)R calcu-
lated from measurements of the specific heat12,36,37.
Although recent publications37,39 discuss deviations
from this Pauling’s ice-rule entropy due to extremely
slow relaxation dynamics below 1 K, a non-vanishing en-
tropy on shorter time scales remains a prerequisite of
the spin-ice state37. Theoretical investigations of spin-
ice models including interactions beyond nearest neigh-
bors find a long-range ordered ground state satisfying
the ice-rules40–45. Comparing our samples with these re-
fined models lies beyond our experimental possibilities
and we concentrate on the dependence of the nearest-
neighbor exchange constant Jeff on the Si substitution x
in Dy2Ge2-xSixO7.
Especially in the vicinity of the transition between
long-range (AFM) and short-range (spin-ice) correla-
tions, new magnetic states may occur46,47. Therefore,
tuning the internal interactions seems a promising route
to investigate these new states within this domain of the
phase space. Instead of the experimentally difficult ap-
plication of hydrostatic pressure to existing sample that
manipulates the nearest-neighbor distance48, the inter-
action between neighboring rare-earth ions can be var-
ied by exchanging the B site ion with one of different
ionic radius38,47. For example, substituting Ge for Ti
in Dy2Ti2O7 reduces the distance between the Dy ions
and thus changing the relative strengths of the com-
peting dipolar and exchange interactions, Dnn and Jnn,
respectively38. The total effective interaction Jeff is re-
duced shifting the compound closer to the not yet ex-
perimentally investigated phase region just between the
spin-ice and AFM phase in the dipolar spin-ice model,
see Fig. 2.
The next challenge is to synthesize a material with an
even smaller B site ion than Ge, such as Si, allowing for
further tuning the balance of exchange (Jnn) and dipolar
interactions (Dnn) in a spin-ice compound. This new ra-
tio Jnn/Dnn allows for investigating pyrochlores closer to
the crossover region between frustration-driven dynamics
and magnetic order than ever before.
But many combinations of A and B site ions have an
unstable pyrochlore phase when synthesized at ambient
pressure49. Mouta et al. 49 have empirically investigated
the stability of the pyrochlore structure with respect to
the ratio of the atomic radii ra/rb, where ra and rb de-
note the atomic radii of the A site and B site ions, re-
spectively. At ambient pressure, stable pyrochlores can
be realized for ratios 1.36 < ra/rb < 1.71
8,47. For com-
parison, the ratio of the ionic radii for Dy3+ on the A site
and Ti4+, Ge4+, and Si4+ on the B site are 1.70, 1.94,
and 2.57, respectively. Under high hydrostatic pressure
during synthesis, the stability range can be extended to-
wards smaller rb, e.g. from Dy2Ti2O7 to Dy2Ge2O7. The
resulting pyrochlores persist metastable also under am-
bient pressure conditions47.
While for the growth of Dy2Si2O7 with the hypothet-
ical ratio ra/rb = 2.57, pressures beyond the state of the
art would be needed or this phase would be inherently un-
stable, we were able to grow stable Dy2Ge2-xSixO7 poly-
crystals with Si substitution of up to x = 0.125 under
high-pressure and high-temperature conditions. In this
paper, we show that such a substituted compound ex-
hibits the characteristic properties of a classical spin-ice
material while having reduced effective interactions that
shift its magnetic state further towards the phase bound-
ary between spin-ice and AFM order.
II. EXPERIMENTAL
Polycrystalline Dy germanate Dy2Ge2O7 was synthe-
sized similar as described previously46,50: GeO2 (Her-
aeus, 99.999 %) and Dy2O3 (Chempur, 99.999 %) were
used as starting materials. Stoichiometric amounts were
mixed with ethanol and thoroughly ground in an agate
mortar until dryness. The synthesis was performed in
a “Walker-type” high-pressure apparatus51 with a 1000 t
hydraulic press (Voggenreiter GmbH). The powder mix-
ture was filled in an h-BN capsule and compressed in an
18 mm zirconia octahedron pressure medium with a load
of 970 t corresponding to a sample pressure of 8 GPa.
3The pyrochlore material forms during a solid-state reac-
tion at 1100 ◦C maintained for 90 min. The temperature
was measured with a Type C (W5%Re/W26%Re) ther-
mocouple.
For the polycrystalline silicone-substituted
Dy2Ge2-xSixO7 samples, SiO2 (Degussa Aerosil380,
> 99.8 %) was used additionally. The uni-axially pre-
pressed samples were surrounded by CsCl capsules and
compressed in 10 mm MgO:Cr octahedral pressure cells
(Ceramic Substrate & Components Ltd.) with a load of
642 t which equals a sample pressure of approximately
16 GPa. Si-containing pyrochlores were synthesized at
1100 ◦C for 90 to 180 min. We recovered polycrystalline,
sintered pieces of dark to light gray material after
the high-pressure synthesis of Dy2Ge2-xSixO7 with
x = 0, 0.02, 0.08, and 0.125. The phase purity was
confirmed via SEM/EDX analysis (Carl Zeiss LEO
1530) for all samples and via room-temperature x-ray
powder diffraction at the ALBA synchrotron light source
(Beamline 4, λ = 0.413 364 A˚) in Barcelona, Spain, for
Dy2Ge2O7 and by using a Seifert diffractometer (FPM
URD6) in symmetric Bragg-Brentano-Geometry with
Cu anode for Dy2Ge2-xSixO7 with x = 0.02, 0.08, and
0.125. The software package Fullprof (Suite 3.00, 2015)
was used for the Rietveld analysis to obtain the lattice
constants.
Magnetization measurements were performed using
a commercial SQUID magnetometer (MPMS) and a
vibrating-sample magnetometer in magnetic fields up to
7 T. Magnetic ac-susceptibility measurements were per-
formed in a compensated coil-pair susceptometer at fre-
quencies ranging from 4 to 1293 Hz down to a temper-
ature of 0.3 K using a commercial 3He system. The
temperature was measured with a RuO2 resistance ther-
mometer. Demagnetization effects28 were estimated and
found to be of no importance for our arguments. The
heat capacity of Dy2Ge2O7 and Dy2Ge1.875Si0.125O7 was
measured using the quasi-adiabatic heat-pulse method52
in which the sample is heated by a short pulse of de-
fined energy while the resulting temperature change is
measured. For this the sample is placed on a sapphire
platform in a 3He sorb-pumped cryostat with a carefully
calibrated RuO2 thermometer.
III. RESULTS AND DISCUSSION
The diffraction data of unsubstituted Dy germanate
confirmed the cubic pyrochlore structure (Fd3¯ m, 227)
with a lattice constant of a = 9.930(1) A˚, which is
in excellent agreement with the literature data (a =
9.929 A˚46). Rietveld refinements show that the py-
rochlore structure can well describe the diffraction
patterns of Dy2Ge1.98Si0.02O7, Dy2Ge1.92Si0.08O7, and
Dy2Ge1.875Si0.125O7 (the latter is shown in Fig. 3)
with lattice constants a = 9.924(1) A˚, 9.912(1) A˚, and
9.906(1) A˚, respectively. We achieved the best fit by as-
suming a statistical substitution of Ge with Si on the B
FIG. 3. Powder-diffraction pattern and Rietveld-difference
plot for Dy2Ge2-xSixO7 with x = 0.125, fitted for this sto-
ichiometry. Inset: SEM micrograph of the polished sample
surface, revealing crystallite sizes up to approximately 15µm.
FIG. 4. Field dependence of the magnetization per dys-
prosium ion of Dy2Ge2-xSixO7 with x = 0, 0.02, 0.08, and
0.125 at a temperature of 5 K. The symbols are measured
values and the dash-dotted lines correspond to the powder-
averaged Boltzmann distribution of spin-half spins with Ising-
anisotropy, XY-anisotropy, and with no anisotropy, respec-
tively. The error bars are within the size of the symbols.
site of the pyrochlore structure with exactly the Si con-
centration of the starting-material mixtures. In particu-
lar, Si is not interstitially incorporated into the crystal.
There were no signs for chemical inhomogeneities or ad-
ditional phases in XRD or SEM investigations (Fig. 3).
In Fig. 4, the magnetization per Dy ion of the sample
series is shown as a function of magnetic field measured
at low temperatures and consistent with the literature53.
The field dependence of the magnetization is well de-
4scribed by a powder-averaged Boltzmann distribution
of non-interacting paramagnetic Ising spins (dash-dotted
curve) resulting in a magnetic moment of 4.80(15)µB
per Dy at saturation while the Heisenberg model (no
anisotropy) or the case of XY-anisotropy would result
in a very different magnetic behavior. It should be noted
that the magnetization values at the maximum field do
not systematically depend on the Si concentration. The
deviations can be attributed to the use of polycrystalline
samples which, due to the growing process, may contain
a degree of texture which is not visible in the diffrac-
tograms. However, the low scattering of the measuring
points shows the accuracy of the magnetization measure-
ments. For the calculation of the Dnn the value of 10µB
for the free moment was used. The Curie-Weiss temper-
ature θCW of our Dy2Ge2O7 sample is close to zero and
consistent with the literature value38; the difference of
θCW of the Si containing samples compared to Dy2Ge2O7
is within the accuracy of the measurement of approxi-
mately ±0.5 K.
To detect distinct differences, we will focus our in-
vestigation for the remainder of this article on pure Dy
germanate and the sample with the highest Si substi-
tution, Dy2Ge1.875Si0.125O7. Figure 5(a) shows the real
(χ′) and imaginary part (χ′′) of the ac susceptibility of
the substituted and unsubstituted sample for three ex-
emplary frequencies. The distinct frequency dependence
is visible especially in χ′′. Both samples show sharp
maxima which shift towards higher temperatures and
smear out continuously at higher frequencies. At 16 Hz,
Dy2Ge1.875Si0.125O7 has a peak temperature of 580 mK
being about 50 mK lower than for Dy2Ge2O7. Further-
more, it is observed that the increase of the peak temper-
ature at higher frequencies is much less pronounced in the
substituted compound. Demagnetization effects should
not influence our following qualitative discussion, even
though they can cause deviations of the measured sus-
ceptibility, for the absolute values as well as for the peak
positions23,28. They should cause similar changes for the
equally shaped Dy2Ge2O7 and Dy2Ge1.875Si0.125O7 sam-
ples; however, an analytical determination of the demag-
netization factor for our disc-shaped samples is not pos-
sible.
Based on the ac-susceptibility results, the spin dynam-
ics can be investigated further. At the peak tempera-
ture TP of the imaginary part χ
′′ at a given attempt
frequency f , the spin-relaxation time τ is related to f
via τ = 1/2pif . In Fig. 5(b), the spin-relaxation time is
plotted vs. the inverse of the temperature TP. Dy2Ge2O7
has two linear regions; a high-temperature region above
about 0.8 K that is less steep than the low-temperature
region. In Dy2Ge1.875Si0.125O7 only one slope is found
below 1 K. We focus our discussion on the low temper-
ature region. At low measurement frequencies, the re-
laxation times seem to follow an Arrhenius law (dashed
lines in Fig. 5(b)):
τ(TP) = τ0 exp(∆/kBTP) . (1)
The energy barriers ∆ used to fit the data change only
little, from 6.8(2) K to 6.70(5) K, due to the partial sub-
stitution of Ge by Si. Instead, the shift of the peak
positions of χ′′ from Dy2Ge2O7 to Dy2Ge1.875Si0.125O7
mainly result in a change of the pre-exponential fac-
tor τ0 from 250(50) ns to 90(10) ns due to the Si sub-
stitution. This pre-exponential factor is attributed to
the spin-tunneling rate between the two Ising states and
should be determined by the systems CEF level scheme
and the transverse fields acting on the flipping spin29,54.
The reduction of τ0 with substitution of Ge by Si is
not surprising, as it decreases also with decreasing lat-
tice constant from Dy2Sn2O7 to Dy2Ti2O7
55. Due to
the similar shape of the samples, demagnetization effects
are unlikely to alter the qualitative observation of a re-
duction of the pre-exponential factor from Dy2Ge2O7 to
Dy2Ge1.875Si0.125O7.
Apart from the influence of the mere lattice contrac-
tion, however, the random distribution of SI and Ge on
the B site may contribute to this reduction. Possibly, the
lowering of the local site symmetry influences the Ising
character of the single ion inducing transverse exchange
coupling11 as perturbation of the dominant Ising interac-
tion. Such transverse exchange coupling might reduce τ0
as proposed in other rare-earth compounds with spin-ice
character56.
The magnetic specific heat cmag of Dy2Ge2O7 and
Dy2Ge1.875Si0.125O7 in external fields up to 4 T is shown
in Fig. 6. The unsubstituted sample has a peak in the
heat capacity at a temperature of 0.84(1) K, determined
by a phenomenological fit, whereas the substituted com-
pound has a slightly reduced peak position of 0.80(1) K
and an increased peak height. Since this work deals
with polycrystalline samples, as does Ref.38, the peak
height can be influenced by factors both in production
and measurement. However, a rise of the peak height in
the substituted sample fits into the picture of a smaller
Jnn/Dnn
12.
This Schottky-like peak is associated to spin-freezing
and establishment of the spin-ice state36. Even though
the peak temperature is shifted only by a small amount,
it is a strong hint that the substitution of Si leads to a
shift towards the boundary between spin-ice and AFM
phase in the phase diagram (Fig. 2). At temperatures
above the peak position, both compounds show almost
the same specific heat; above 10 K the phononic contri-
bution becomes dominant. Measurements up to 30 K
are used to determine this contribution in order to ex-
trapolate it to the low-temperature specific heat. The
magnetic specific heat is the total specific heat minus
the phononic contribution. The feature in the specific
heat of Dy2Ge1.875Si0.125O7 at about 3 K could indicate
the possible presence of a minority phase that was not
visible in the XRD studies. Furthermore, a broadening
of the specific-heat peak of the substituted material to-
wards lower temperatures compared to Dy2Ge2O7 can be
seen. However, in an ideal spin-ice with smaller Jnn/Dnn
than Dy2Ge2O7 we would rather expect a narrowing of
5FIG. 5. (a) Real and imaginary part of the ac susceptibility χ′ and χ′′ of Dy2Ge2O7 (black) and Dy2Ge1.875Si0.125O7 (red) at
frequencies of 16 (solid), 270 (dashed), and 770 Hz (dash-dotted). (b) Spin-relaxation time τ = (2pif)−1 as a function of the
inverse peak temperature TP . Fits using the Arrhenius law with their respective energy barriers ∆ are shown as dashed lines.
The data are not corrected for demagnetization.
FIG. 6. Temperature dependence of the magnetic spe-
cific heat cmag per mole Dy of the Dy2Ge2O7 and
Dy2Ge1.875Si0.125O7 samples in black and red symbols, re-
spectively. The zero-field data is marked by full symbols and
the data at 1, 2 and 4 T by empty symbols. Specific heat data
for Dy2Ge2O7 from Zhou et al.
38 (blue) have been included
for comparison.
the specific-heat peak12. The origin for this broaden-
ing could be related to the random occupation of the
Si and Ge atoms on the B site altering the bond envi-
ronments. A distribution of bond environments might
result in a distribution of exchange constants broadening
the Schottky-like specific-heat peak.
In magnetic fields, the peak in the specific heat is
broadened and shifted to higher temperatures compared
to zero field which is an expected behavior for this
anomaly36,57,58. The additional features that arise in
field are also observed in Ref.36 and may be attributed to
the polycrystalline nature of the samples58. Additional
explanations are given in Ref.59 by simulation methods.
A definite conclusion could only be drawn with data ob-
tained from single crystals.
The magnetic entropy was calculated from cmag/T by
integrating downwards from the temperature at which
the curves with and without field overlap and fixing the
plateaus at this value. The entropy data of Dy2Ge2O7
and Dy2Ge1.875Si0.125O7 at zero field, 1, 2 and 4 T are
compared in Fig. 7. The magnetic entropy of Dy2Ge2O7
and Dy2Ge1.875Si0.125O7 shows a similar functional be-
havior. In external magnetic fields of 1 T and higher,
the entropy of the ground state is recovered (Fig. 7).
This behavior in an external field is typical for a spin-
6FIG. 7. Temperature dependence of the molar entropy of
Dy2Ge2O7 (black) and Dy2Ge1.875Si0.125O7 (red) at zero field
(filled) and 1, 2 and 4 T (empty).
TABLE I. Lattice parameters and selected magnetic parame-
ters to insert Dy2Ge2O7 and Dy2Ge1.875Si0.125O7 in the phase
diagram (Fig. 2).
x a Dnn cmag(Tpeak) Tpeak Jnn/Dnn Jeff
(A˚) (K) (J mol−1Dy K
−1) (K) (K)
0 9.930 2.40 3.02 0.84 -0.71 0.69
0.125 9.906 2.42 3.07 0.80 -0.74 0.63
ice17,36,58 since the external magnetic field lifts the de-
generacy of the ground state. The value of the ground-
state entropy with 1.62 J mol−1Dy K
−1 (unsubstituted) and
1.31 J mol−1Dy K
−1 falls somewhat short of the Pauling en-
tropy of 1.69 J mol−1Dy K
−1 of the ideal spin ice on a perfect
crystal. The same arguments as for the peak height and
width apply for this reduction, as well.
To place the new material in the phase diagram, we
determined cmag and Tpeak from Fig. 6 and calculated
the other values in Table I as explained in the following.
We determined the dipolar interaction constant by the
common estimation:
Dnn =
5
3
µ0
4pi
g2µ2
r3nn
, (2)
with the moment assumed from the theoretical value
of gµ = 10µB and rnn =
√
2a/4 (a lattice constant)
being the distance between two Dy3+ ions. Here we
used the lattice constants determined at 300 K from
the x-ray diffractograms to be consistent with other
publications16,38. Measurements of the thermal expan-
sion of singlecrystalline samples of the isostructural com-
pounds Dy2Ti2O7 and Ho2Ti2O7 down to low tempera-
tures of about 1 K confirm that the assumed relations are
largely retained. The reduction of the lattice constant
of the Si-substituted sample, thus, leads to a slight in-
crease of Dnn from 2.40 to 2.42 K. However, the increase
of the strength of the exchange interaction, Jnn, is more
pronounced. Following the approach firstly described by-
den Hertog and Gingras 12 for Dy2Ti2O7 and Ho2Ti2O7
and used in several publications17,38 for Dy and Ho py-
rochlores including Dy2Ge2O7 and Ho2Ge2O7, Jnn can
be graphically determined on the Tpeak/Dnn-Jnn/Dnn
line in the phase diagram (Fig. 2) as the intersection
of the phase boundary between spin-ice and paramag-
netic phase and the horizontal line with a specific ratio
Tpeak/Dnn. An increase of Jnn by 5 % from −1.70(5) K
to −1.79(5) K can be found. Therefore, the strength of
the effective interaction Jeff = Dnn +Jnn is reduced from
0.69(3) K to 0.63(3) K by about 10 %. The reduction of
the effective interaction is consistent with the reduced
energy scale of the monopole excitation as seen in the ac
susceptibility data (Fig. 5). We find that the activation
energy ∆ ≈ −9Jeff agrees well with previous measure-
ments on Dy2Ti2O7 with ∆Dy2Ti2O7 ≈ −8.9Jeff22,23.
The value of Jnn can also be obtained from com-
parison of the value of specific-heat peak cpeak at the
peak temperature with theoretical calculations12. The
experimental value of cpeak is around 10 % lower than
would be expected from theory for an ideal spin-ice with
Jnn/Dnn = −0.71 or −0.74 obtained above, which might
be due to crystal imperfections. However, it is consis-
tent with the value of previous measurements of the peak
height of Dy2Ge2O7
38.
After careful consideration of Ref.38, we come to the
conclusion that the positioning of Dy2Ge2O7 in the phase
diagram (Table I) of that work is at the lower end of
the possible region. While obtaining a similar value of
Tpeak they use a slightly higher value of Dnn. The fact
that our Dy2Ge1.875Si0.125O7 sample has a lower Jnn/Dnn
than our Dy2Ge2O7 as well as the sample investigated in
Ref.38 proves that the reduction of the effective interac-
tion in this compound is significant.
From these data, three conclusions are drawn.
a. Spin-ice characteristics of Dy2Ge2-xSixO7: The
XRD data show the high quality of the materials and
confirm the pyrochlore structure with the Dy3+ ions at
the A site and randomly distributed Ge and Si at the
B site. The magnetization data are close to the ex-
pected curve of the powder-averaged paramagnetic Ising
spins providing evidence for the Ising nature of the mo-
ments of the Dy3+ ions due to the strong crystal electric
field also observed in other spin-ice pyrochlores60. The
shape of the temperature-dependent ac susceptibility of
Si-substituted Dy germanate resembles the ac suscepti-
bility of the base compound and the well-studied spin-ice
materials Dy2Ti2O7
19 and Dy2Sn2O7
61. However, a sub-
stantial difference in the frequency dependence could be
identified, which originates in a reduction of τ0. The spe-
cific heats of Dy2Ge2O7 and Dy2Ge1.875Si0.125O7 have a
similar shape at low temperatures also in accordance with
previous measurements of the specific heat of the classi-
cal spin ices Dy2Ti2O7
34 and Ho2Ti2O7
35. Another ev-
idence for Dy2Ge1.875Si0.125O7 having spin-ice character
is the residual entropy we observed. However, the resid-
7ual entropy of Dy2Ge1.875Si0.125O7 is reduced compared
to the Pauling entropy of the ideal spin-ice, possibly a
side effect of the random distribution of Si and Ge on
the B site of the pyrochlore lattice. In conclusion, the
Dy2Ge2O7 and Dy2Ge1.875Si0.125O7 samples, represent-
ing Dy2Ge2-xSixO7, share several characteristic proper-
ties that are common among spin-ice materials.
b. Reduction of the effective nearest-neighbor inter-
action by 10 %: Zhou et al. 38 have found that substi-
tuting ions with smaller ionic radius on the B site of
the Dy-pyrochlores Dy2Sn2O7 and Dy2Ti2O7 reduces the
peak temperature of the magnetic specific heat. The au-
thors linked this to a reduction of the effective interaction
due to the reduction of the distance between neighboring
Dy3+ ions using the Tpeak/Dnn-Jnn/Dnn phase diagram
of the dipolar-spin-ice model12. Our XRD measurements
confirm the reduced lattice constants in Dy2Ge2O7 com-
pared to Dy2Ti2O7
38. The Si-substituted samples con-
tinue this trend towards a reduction of the lattice con-
stants and the peak temperatures in the specific heat
as well as in the ac susceptibility. Therefore, we argue,
that in Dy2Ge2-xSixO7 the competing dipolar and ex-
change interactions are even further increased compared
to Dy2Ge2O7. Since the increase of the exchange interac-
tion is stronger than the increase of the dipolar interac-
tion, the total effective interaction is reduced compared
to Dy2Ge2O7.
c. Influence of disorder on the spin-ice character A
thorough study of the effects of disorder on the B site of
the spin-ice pyrochlores is not possible with the samples
in this paper. But still, the currently highly discussed
influence of a stoichiometric or crystallographic disorder
can be considered. It is known62–64 that strong modi-
fication of the regular structure can lead to the elimi-
nation of frustration, the formation of magnetically or-
dered clusters or the loss of the Ising character in py-
rochlore compounds. Quantum fluctuations can then
have an increased effect and weaken the spin-ice char-
acter. Although the distribution in the Ge/Si system
is random (could be checked by synchrotrons), the low
Si content does not seem to be sufficient to eliminate
the magnetic frustration in the Dy sublattice. Averaging
over microscopically different areas mostly recovers the
spin-ice properties of the system.
IV. SUMMARY
High-quality polycrystals of the pyrochlores
Dy2Ge2-xSixO7 with lattice constants down to 9.906 A˚
using the multi-anvil technique with pressures up to
16 GPa have been synthesized. The Ising nature of the
moments of the Dy ions was confirmed by the field de-
pendence of the static magnetization. Specific heat and
ac susceptibility show the typical behavior of classical
spin-ice compounds, namely a Schottky-like anomaly
and residual entropy, and a frequency-dependent
maximum, respectively. The reduction of the lattice
constant increases both the dipolar as well as the
exchange-interaction strength. However, while the
dipolar interaction is only increased by less then 1 %,
the exchange interaction increases by 5 %, leading
to a reduction of the effective interaction by 10 %.
Consequently, the silicon-substituted sample is closer to
the phase boundary between the short-range spin-ice
arrangement and the long-range AFM order. The
most significant difference between the substituted and
unsubstituted compounds was found in the frequency
dependence of the ac-susceptibility signal, which mainly
originates in a reduction of the pre-exponential factor
τ0. However, a reduction of the energy scale of monopole
excitations of 1.5 % was observed as well, which un-
derlines the finding of a reduced effective interaction.
In conclusion, we showed, that silicon substitution is a
possible way to change the ratio of dipolar and exchange
interaction and, hence, synthesize spin-ice compounds
with customized properties. The further increase of
the substitutions on the B site of the pyrochlores with
improved high-pressure synthesis technology could open
the possibility to study how disorder on the B site of
the pyrochlore influences the (spin-ice) characteristics62,
e.g. through the formation of pinning centers, in view
of work on other disordered materials65–67. Further-
more, the growth and investigation of single crystals of
Dy2Ge2O7 and its silicon-substituted compounds can
be a challenging future task and offer the possibility to
characterize the samples in terms of more recent spin-ice
models including exchange interactions beyond nearest
neighbors42,44,45.
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